Damage evaluation of cladding integrity for spent fuel in interim storage  by Chao, C.K. et al.
Available online at www.sciencedirect.com
 
 Procedia Engineering  01 (2009) 000–000 
Procedia 
Engineering 
www.elsevier.com/locate/procedia
 
Mesomechanics 2009 
Damage evaluation of cladding integrity for spent fuel in interim 
storage 
C. K. Chao*, M. J. Chern and T. H. Lin 
 
Department of Mechanical Engineering, National Taiwan University of Science and Technology, 43 Keelung Road, 
Section 4, Taipei, Taiwan, 106, R.O.C. 
Received 21 February 2009; revised12 April 2009; accepted 14 April 2009 
Abstract 
In this study we propose a rupture criterion for the creep crack growth in Zircaloy cladding on spent fuel in interim 
storage. Based on the creep fracture mechanics parameter, C*, and the strain energy density criteria, the relationship 
between the creep crack growth rate and the fracture mechanics parameter, C*, is established theoretically.  The 
effects of hydride orientations, initial crack lengths and storage temperature profiles on cladding failure are 
discussed in detail. The results show that the initial crack length and the storage temperature profile play an 
important role in cladding failure during interim dry storage. We found that a higher storage temperature will cause 
a larger creep growth rate, leading to unstable crack conditions in the cladding. The results presented in this study 
provide a reliable evaluation of cladding integrity for spent fuel in interim dry storage.  
 
© 2009 Elsevier B.V. All rights reserved 
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1. Introduction 
The failure analysis of the Zircaloy cladding of spent fuel in interim storage is an important topic for the 
management of nuclear wastes. However, there have been few studies concerning the long term behavior of the 
cladding, and its integrity, in dry storage conditions. Nevertheless, these studies have ascertained the following 
information relevant to this study. 
In this paper, according to the latest version of ISG-11 [1], we used the C*-integral [2] and the strain energy 
density criteria [3] to analyze the creep effect for spent fuel cladding in interim dry storage, and discuss the effects 
of hydride embrittlement, the initial crack length and different storage temperature profiles on the cladding failure.  
The results obtained in this study can estimate what kind of environment and storage conditions are most likely to 
cause degradation leading to cladding failure during the interim dry storage.    
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2.  Proposed Failure Criterion 
When the initial response of the material is linearly elastic and secondary creep dominates the creep behavior, 
Riedel [4] suggested that the stress intensity factor, IK , and the path independent integral, C*, are the appropriate 
parameters. For small-scale creep, IK  governs the initiation of crack growth. If, however, the creep zone becomes 
large compared to the specimen size and the elastic strains small compared to the creep strains, C* is the appropriate 
fracture parameter. In the present study, we adopt the path independent integral, C*, together with the strain energy 
density theory [3] to examine the effects of initial crack lengths and storage temperature profiles on cladding failure. 
Landes and Begley [2] determined the energy rate line integral, C*, to be defined as 
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described C* as a single parameter characterizing the stress-strain rate in the near-tip field for a material governed by 
power laws for creep. Based on the strain energy density theory [3], we now establish an important linear 
relationship between the creep crack growth rate, da/dt, and the energy rate line integral, C*, by 
*
j
j
c
Ca
dWt
dV
λΔ⎛ ⎞
=⎜ ⎟Δ ⎛ ⎞⎝ ⎠ ⎜ ⎟⎝ ⎠
                                                                      (2) 
where the crack growth increment, jr  = jaΔ  and (dW/dV)c is the critical strain energy density.  
This investigation determines the creep crack growth rate, da/dt, from the energy rate line integral, C*, which can 
be evaluated from the numerical software simulation discussed in the next section. Note that the incremental crack 
growth for each time increment can be summed up over the entire computation for any specified crack size.  A crack 
size with the total crack length exceeding the thickness of the cladding represents a through-wall crack.   
3. Problem Description 
When the cladding suffers from burn-ups during operation conditions, cracks are generated within the cladding 
due to thermal expansion. Since the crack initiation and propagation in the cladding are affected by the shape, size 
and distribution of fuel pellets, the initial crack pattern is irregular. In order to simplify the complex geometry with 
this irregular distribution of cracks, we adopted a symmetric distribution of eight double cracks embedded in the 
spent fuel Zircaloy cladding of dimensions, 9.5 mm OD, and 8.36 mm ID. Note that both the inner crack (Tip-A) 
and the outer crack (Tip-B) are considered to simulate the worst scenario of cladding failure. Three different initial 
crack lengths ao/w = 0.2, 0.235, and 0.27, respectively are considered in the present work, with a cladding thickness 
of  w = 0.57 mm. To investigate the effects of hydride embrittlement on the creep life of cladding, radial hydrides 
with rectangular dimensions, 0.12 mm × 0.06 mm, are placed ahead of crack Tip-A and crack Tip-B. A constant 
pressure of 90 MPa is applied to the inner boundary of the cladding, and a constant temperature of 400°C is present 
at the outer boundary of the cladding. Meanwhile, the temperature ranges from 400°C to 570°C at the inner 
boundary of the cladding. Three different storage temperature profiles on the inner surface of the cladding are 
suggested in this work.   
4. FEM ANALYSIS 
A finite element program which provides a high degree of accuracy for the crack tip element is now applied to 
perform the two-dimensional thermoviscoelastic analysis. The FEM program used in this study is ABAQUS™ 
v.6.5-1, which uses an embedded enriched eight-node biquadratic plane-stress quadratic reduced integration. Due to 
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geometric symmetry, only one octant is needed to analyze the present study. In order to calculate the energy rate line 
integral, C*, we use Matsuo’s creep model [6] 
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where A, n, and a are constant, T is the temperature, E is the Young’s modulus, R is the universal gas constant, Q 
is the activation energy. Note that θσ  represents the uniaxial equivalent deviatoric stress and the dependency of the 
Young’s modulus (MPa) on the temperature (K) is assumed as [6] 
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By interpreting the strain rate obtained from Eq. (3), the energy rate line integral, C* can be determined by using 
contour integral evaluation provided by ABAQUS™. 
5. RESULTS AND DISCUSSION 
The three different temperature profiles: 0-5-15-20, 0-10-20, and 0-15-20, are defined as type I, II and III, 
respectively. These three types are all considered in the analyses. A storage temperature profile is applied at the 
inner boundary of cladding while a constant pressure of 90 MPa is applied to the inner boundary of the cladding, 
and a constant temperature of 400°C is present at the outer boundary of the cladding. The total creep life can then be 
determined by setting conditions which represent the situation of through-wall crack, namely, when the sum of the 
total crack growth for both the inner and outer crack is equal to the thickness of the cladding. Here it is understood 
that a larger initial crack length sustains a shorter creep life. The creep life for the different storage temperature 
profiles and different initial crack lengths is provided in Table 1. 
Here, in addition to the three aforementioned storage temperature profiles, a constant storage temperature of 
400°C is also considered to apply to both the inner and outer boundaries of the cladding, while a constant pressure 
of 90 MPa is applied to the inner boundary of the cladding.  
Based on the criterion that the total creep life is determined from the condition when the sum of the total crack 
growth for both inner crack and outer crack is equal to the thickness of cladding which represents the situation of 
through-wall crack, this corresponds to 72.5 years for 0 /a w = 0.2, 42.1 years for ao/w = 0.235, and 14.9 years for 
ao/w = 0.27. The most noteworthy observation here is to see that the estimated creep life for the initial crack length 
0 /a w = 0.2 and ao/w = 0.235 exceeds the creep life of twenty years for design purposes. Thus, we can conclude 
that it is safe to use cladding with an initial crack length smaller than 0.235 w, if held under a constant storage 
temperature of 400°C. In order to demonstrate the effect of the hydride embrittlement on the creep life, the results 
corresponding to the case without the presence of hydrides are calculated and compared to those for the case with 
hydrides as shown in Table 2. We find that the creep life in consideration of hydrides is only slightly shorter than 
that without the presence of hydrides. 
6. CONCLUSIONS 
By combining the energy rate line integral, C*, and the strain energy density factor, S, a linear relationship 
between the energy rate line integral, C*, and the creep crack growth rate, da/dt, is established theoretically. This 
criterion enables us to estimate the creep crack growth rate, da/dt, from the energy rate line integral, C*, which is 
evaluated by using contour integral evaluation provided by the ABAQUS™ software. Three different storage 
temperature profiles and a constant storage temperature profile are used to simulate the loading conditions for spent 
fuel Zircaloy cladding in interim storage. The results show that the initial crack length and the storage temperature 
profile play an important role in the interim dry storage. We have also found that a greater rate of increase of the 
storage temperature will cause a larger creep growth rate, leading to unstable crack growth in the cladding. Note that 
all calculated results are based on the condition of ( / ) 0.32cdW dV MPa= . This threshold value of the strain 
energy density for fuel cladding was determined from the Studsvik Inter-Ramp Project’s experimental data in 
conjunction with a stress analysis. We expect that a longer creep life can be predicted for claddings having a tougher 
material constant. 
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Table 1.  Creep life for different temperature profiles and three different initial crack lengths. 
Hydride embrittlement 
Initial crack length 0 /a w = 0.2 0 /a w = 0.235 0 /a w = 0.27 
 
Storage 
time 
(year) 
Final 
crack length 
(mm) 
Storage 
time 
(year) 
Final 
crack length 
(mm) 
Storage 
time 
(year) 
Final 
crack length 
(mm) 
Type-I 3.18 0.54 2.73 0.535 1.9 0.560 
Type-II 6.52 0.569 5.67 0.564 3.85 0.561 
Type-III 9.93 0.565 8.56 0.560 5.73 0.555 
Constant storage  
temperature 
20 0.337 20 0.439 14.95 0.565 
 
Table 2.  Compare the precipitate hydrides creep life with without presence of hydrides. 
 0 /a w = 0.2 0 /a w = 0.235 0 /a w = 0.27  
No presence of hydrides 74.92 42.36 17.45  
Hydride embrittlement 72.47 40.13 14.95 Units: year 
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